Heavy, stable, strongly interacting massive particles (X), have recently been discussed by many authors in theoretical and phenomenological contexts. We address the question of constraints on these particles from searches for anomalous nuclei containing them that would be formed during primordial nucleosynthesis. Based on existing data and previous investigations of primordial nucleosynthesis of anomalous nuclei, we find a limit on the abundance ratio η X ≡ n X /n B in the range of 3 × 10 −11 to 3 × 10 −16 for masses up to 10 TeV with a possible curious window between 93 to 100 GeV for which there seems to be an absence of data. These bounds are orders of magnitude below the expectations for this abundance based on the standard big bang model and generic properties of strongly interacting particles, but depend on the X − N interaction being sufficiently strong. Our bounds raise serious questions about the existence of such particles in nature. Since we draw heavily on our intuition from information on nuclear forces in the Λ − N system, we estimate how much weaker than the Λ − N potential the X − N potential must be in order to evade these bounds.
Recently a number of authors have entertained the possibility that new strongly interacting massive particles (SIMPS), with masses a few GeV and above, may play a role in particle physics and cosmology [1, 2, 3, 4, 5, 6, 7] . For example, these particles have been proposed as the source of ultra high energy cosmic rays (UHECR) by Chung et al. [2, 3] . There are interesting models of supersymmetry breaking where such particles appear as part of the messenger sector or as the gluino LSP [6] .
Due to their strong interactions and high mass, these particles have distinct consequences in cosmology and astrophysics. It has recently been noted [5] that given a generic form for their annihilation cross section as well as their interactions with known strongly interacting particles such as the nucleon, they can appear in reasonable abundance to saturate either the cosmic density or perhaps the galactic halo. Simple estimates of their relic density give
For a 1 TeV X particle, this gives η X ≃ 5 × 10 −3 or n X ≃ 5 × 10 −10 /cm 3 . For it to saturate the cosmic density, its mass must satisfy M X ≥ 10 3.5 GeV.
If in the process of cosmological evolution, the X particles formed the gravitational potential well and thus became the halo dark matter, then their halo number density would be considerably enhanced and become n X ≃ 3 × 10 −4 /cm 3 or so.
When they constitute the halo dark matter, known estimates of their density can be used to constrain their masses as functions of cross sections [1, 5] . For lower masses, they may not play a role as the dark matter and therefore arguments used to constrain their properties assuming they exist as dark matter will clearly not apply.
One must therefore seek alternative ways to explore their properties and this paper presents one such method for the mass region 1 GeV -10 TeV.
Before presenting our results, let us mention what happens when the Xparticles constitute the halo dark matter. An exhaustive analysis for this case has been carried out by Starkman et al. [1] and significant ranges of masses and cross sections on normal nucleons were ruled out using present limits from dark matter searches, longevity of neutron stars and limits on anomalous heavy isotope abundances. No assumptions about the detailed form of the cross sections were made in that paper.
These issues were also subsequently discussed in [5] where a generic form for the X annihilation cross section as well as X − A cross section was assumed and it was shown that if the X's constituted the halo dark matter and their masses were above 100 GeV, they would be in conflict with the results from underground detectors looking for dark matter. The basic reason for this conclusion is that heavy nonrelativistic particles lose only a small fraction of their energy in elastic scattering and will therefore have to undergo a large number of collisions before they can slow down and get captured. Thus they should easily penetrate the depths to reach the underground detectors and give signals which have not been seen.
There are also constraints from the cosmological grand unified photon spectrum [5] arising from particle-anti-particle annihilation if one assumes either that they both appear in equal abundance or the X particles are their own anti particles. Again this would rule out m X ≥ 100 GeV if one assumes the abundance to be halo density.
Similar conclusions were also derived using the limits on anomalous heavy isotope abundances.
There have been several experimental searches [8, 9] to see whether these particles exist as dark matter and stringent limits have been placed on their masses and their interaction cross sections with matter.
As noted above, a class of experiments that shed useful information on the possible existence of SIMPs and have been used in both Ref.'s [1, 5] are the terrestrial searches for anomalous heavy nuclei such as those in Ref. [10] . Specifically, the experiment of Hemmick et al set very stringent upper limits on the abundance of nuclei containing such heavy stable particles. These limits were used in Ref. [1, 5] to conclude that SIMPs above a mass of 1-10 TeV will be excluded. In both cases, the heavy element formation was assumed to take place as a result of X capture after formation of the earth.
It is the purpose of this brief note to revisit this particular bound using an earlier investigation of primordial nucleosynthesis of anomalous nuclei containing X [11] . We will show that the limits on the X particles can be much more stringent than previously obtained provided we assume that the nuclear force between the X-gluon or X-quark color neutral bound state and nucleons is attractive and has a certain minimum depth. The significance of this result is that, if true, it would call the whole existence of such massive particles of mass up to 10 TeV into question regardless of whether they have any any role as cosmological dark matter.
In Ref. [11] , Dicus and Teplitz calculated the abundance of anomalous Z > 1 nuclei that would be produced by primordial nucleosymthesis if there existed a new neutral, stable, massive baryon X 0 ( the name used in Ref. [11] was H). This was motivated by the earlier work of Dover, Gaisser and Steigman [12] that studied the cosmological consequences of such heavy particles. These papers assumed that the lightest color singlet bound states involving the massive colored particle and/or quarks and gluons interact with nucleons in a similar way to that of the Λ hyperon 1) .
In our discussion, we will also assume this.
The result of Ref. [11] was an estimate of relative abundance of anomalous nuclei among those elements expected from nucleosynthesis. It showed a significant enhancement in the abundance of 9 Be * . More precisely, although 8 Be is not stable, 1) This assumption is certainly valid if the color singlet bound state in question is a uds −g bound state and should obtain whenever the bound state contains light quarks permitting light quark exchange diagrams to contribute to the N − X potential.
the Λ hyperfragment 9 Be Λ ( 8 Be to which a Λ has been added) is stable and Ref. [11] showed that replacing Λ by any strongly interacting particle, such as X 0 present with a cosmic abundance η X ≡ In order to derive the constraint on η X , we make the natural assumption that any primordially synthesized anomalous heavy isotope should be present in random samples on earth in the same abundance ratio to normal isotopes as at the time of nucleosynthesis. However to be conservative, we will assume that 90% of any primordial 9 Be * will be destroyed in the stars.
Middleton et al. [13] had previously set a limit on the terrestrial abundance of anomalous isotopes of Oxygen (O * ) to be η O * ≤ 10 −16 . Subsequently they set a limit on the same order for anomalous isotopes of Be (i.e. η Be * ≤ 10 −12 ) [14] . Hemmick et al. [10] searched for massive isotopes of H, Li, Be, B, C, O and F and also reviewed the earlier searches. We will use these results to draw our final conclusion.
Let us start by considering (i) the question of what X −Nucleus (also denoted
by X − A) cross section we expect on the basis of our knowledge of Λ hyperfragment and (ii) whether we expect, for such cross sections, that X 0 's will be captured during cosmic nucleosynthesis. We then apply the constraint of Ref. [11] to limit either the X − A cross section or the X abundance in the light of the data of Ref.s [13, 14, 10] .
For the Λ hyperfragments, Z. Povh [15] has shown that their binding energies can be well fit by the relation
where of Be * and other light anomalous nuclei, to exist at the time of nucleosynthesis for some other strongly interacting particle X provided X − N interaction is strong enough to produce an effective square well of depth
The requirement that the binding energy B X be greater than 2.2 MeV comes from the fact that primordial nucleosynthesis proceeds rapidly after the temperature becomes low enough that the high energy tail of the γ distribution can no longer dissociate deuterium. The low energy N-N cross section is about 2 barns whereas the low energy Λ − N cross section is about 0.5 barns. Since the cross section goes as the square of the scattering amplitude which is proportional to the effective potential in some approximation, we can make a rough estimate of how small σ(XN) need to be for 5 He * to have less than 2.2 MeV in binding energy. Using
we get
Of course, if for some reason, the XN potential is repulsive, there will be no bound state. It should be noted that σ ΛN is about 10% of the p-n spin triplet reaction.
The spin singlet cross section is larger but repulsive.
We turn next to the question of whether the X particle will be captured by 4 He nuclei to form 5 He * nuclei. The probability of capture is roughly
where n γ0 is today's CBR density; η B is the baryon to photon ratio; the factor . will be no free X particles after primordial nucleosynthesis; they will be all captured into 5 He * , with a few in other light elements.
We now address the question of limits on the abundance of the X in the case that X − N interaction is strong enough to favor the formation of 5 He * and hence 9 Be * . As emphasized earlier, the essential insight of Ref. [11] is the fact that 8 Be not being bound suppresses the formation of all Be isotopes while the fact that 9 Be Λ is bound enhances the formation of Be * . As a result, whereas we expect 5 He * / 4 He ≈ 10η X (where η X = n X /n B ), the reaction 5 He * ( 4 He, γ) 9 Be * can give a ratio of 9 Be * /Be of order 3 × 10 4 η X . Other anomalous isotopes would have abundances below η X according to Ref. [11] . In order to reach these conclusions, Ref. [11] uses known rates for analog production and depletion reactions.
The data on Be is summarized by Hemmick et al. as follows: Klein et al [14] have ruled out isotopes of Be up to 93 AMU at concentrations above 10
per nucleon using accelerator mass spectrometry whereas Hemmick et al limit the abundance to 10 −11 or less per nucleon for 100 to 1000 AMU and to 10 −9 or less up to 10,000 AMU. It would clearly be desirable to close the window between 93
and 100 AMU for which Ref. [10] lists no data. The extent to which each of the two experiments cited could place some limits in the gap is apparently not a simple question. It should also be noted that Vanderschiff et al. [16] have placed limits on
Taking into account the result of Ref. [11] that Be * /Be ≃ 3 × 10 4 η X and assuming 90% destruction of 9 Be * in stars means that the limits on η X are: 3×10 −16 to M X ≤ 93 GeV, 3 × 10 −15 for 100 ≤ M X /GeV ≤ 1000 and 3 × 10 −12 for 1000 ≤ M X /GeV ≤ 5000 and 3×10 −11 between 5 ≤ M X /T eV ≤ 10. These limits will apply to models in which a strongly interacting particle X has an attractive interaction with nucleons with sufficient strength that the anomalous Be * forms with binding energy greater than 2.2 MeV. Roughly such models should cases in which X − N scattering is attractive, σ XN is similar to σ ΛN for small M X or to σ ΛN (m Λ /M X ) for larger M X .
Our result has important implications for particle physics models. This can be seen by recalling our discussion in the introduction about the expected relic density of such particles. As was shown in Ref. [5] , generic expectations for η X are mass dependent but, in the above mass range of one to 10 4 GeV, η X ≥ 5 × 10 −6 . Thus it violates the above bound by many orders of magnitude. Models with stable strongly interacting particles in this mass range are thus ruled out if the X − N cross section is not too small and the X − N potential is attractive.
